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Abstract. Tree squirrels (Sciurus spp.) have exhibited high seroprevalence rates, suggesting that they are commonly
exposed to West Nile virus (WNV). Many characteristics of WNV infections in tree squirrels, such as the durations and
levels of viremia, remain unknown. To better understand WNV infections in fox squirrels (S. niger), we subcutaneously
inoculated fourteen fox squirrels with WNV. Peak viremias ranged from 104.00 plaque-forming units (PFU)/mL of serum
on day 2 post-infection (DPI) to 104.98 PFU/mL on 3 DPI, although viremias varied between individuals. Oral secretions
of some fox squirrels were positive for WNV viral RNA, occasionally to moderate levels (103.2 PFU equivalent/swab).
WNV PFU equivalents in organs were low or undetectable on 12 DPI; gross and histologic lesions were rare. The viremia
profiles of fox squirrels indicate that they could serve as amplifying hosts in nature. In addition, viral RNA in the oral
cavity and feces indicate that this species could contribute to alternative WNV transmission in suburban communities.

INTRODUCTION

Although West Nile virus (WNV) can infect a wide range
of vertebrates,1 the recognized transmission cycle of WNV is
thought to primarily involve avian amplifying hosts and mos-
quito vectors.2 Many species of wild birds act as vertebrate
hosts,3 but mammals are generally presumed to serve as dead-
end hosts.4 Despite the apparent lack of mammalian involve-
ment in WNV cycles, Tiawsirisup and others5 recently estab-
lished that eastern cottontail rabbits (Sylvilagus floridanus)
develop WNV viremia sufficient to infect some mosquito spe-
cies, and Tesh and others6 noted viremias up to 105 PFU/mL
in experimentally infected golden hamsters (Mesocricetus au-
ratus).

Over the last several years, numerous studies have indi-
cated that many mammalian species have been exposed to
WNV.7–12 Some experimental infection studies have also
been conducted, expanding the knowledge of WNV infection
in some mammals. For example, studies in domestic cats
showed that prey to predator transmission is possible in mam-
mals,13 and golden hamsters may persistently shed WNV in
urine for months.6 Of interest, high WNV exposure rates have
been documented in multiple species of tree squirrels (Sciurus
spp.), indicating these species warrant additional scrutiny.11

Fox squirrels (Sciurus niger) are common throughout many
urban and suburban communities in the United States. The
establishment of urban landscapes with a diversity of trees has
allowed this species to prosper in many areas of Colorado14

and elsewhere. Thus, experimental infection studies of fox
squirrels with WNV are necessary to determine their relative
susceptibility and pathogenesis of infection15 and their poten-
tial roles in the transmission of WNV.16

We conducted experimental infections of fox squirrels with
WNV. Our objective was to monitor morbidity and mortality
rates, duration and levels of viremia, viral shedding, presence
of WNV RNA in organs, and gross and histologic lesions in
WNV-infected fox squirrels. Their potential associations with
the public health threat of WNV are discussed.

MATERIALS AND METHODS

Collections and holding. Eighteen fox squirrels, wild-
caught in live traps from the greater Fort Collins area (Lar-
imer County, Colorado), were used in this experiment. On
capture, all fox squirrels were dusted for ectoparasites, sexed,
weighed, tagged, and a blood sample was drawn from the
femoral vein to pre-screen the animals for antibodies to
WNV. A second blood sample was drawn from each indi-
vidual > 3 weeks later to confirm their WNV serostatus. Fox
squirrels were housed one per cage in stainless steel rack
cages and provided with a nest box. Sustenance (mixed nuts,
whole corn, apples, and oranges) and water were provided ad
libitum. After capture, all fox squirrels were allowed to adjust
to captivity for > 4 weeks before the start of the experiment.
For the experimental infection, the fox squirrels were trans-
ferred to a biosafety level 3 (BSL-3) animal facility and were
housed and maintained as described above. All animal meth-
ods and housing were approved by the National Wildlife Re-
search Center’s Institutional Animal Care and Use Commit-
tee.

Experimental protocol. The 18 fox squirrels were randomly
divided into two experimental groups: an experimental infec-
tion group and a control group. Fourteen fox squirrels were
used as experimental test animals. One fox squirrel with pre-
existing antibodies to WNV was included in this group to
explore the effect of pre-existing antibody on pathogenesis.
The remaining four animals (all seronegative) were used as
control animals. One-half of the fox squirrels (seven experi-
mentally infected and two negative controls) were bled on
odd days post infection (DPI), and one-half were processed
on even DPIs, so that each animal was bled every other day
to limit handling stress. However, on day 12 (termination of
the experiment), all surviving fox squirrels were processed
and killed.

On day 0 of the experiment, all test animals were subcuta-
neously inoculated with 1,190 plaque forming units (PFU) of
WNV strain NY-99-4132 (one passage in Vero cell culture;
originally isolated in 1999 from the brain of an American
crow in New York) diluted in 0.1 mL BA1 medium. The viral
titer of the inoculum was determined by Vero cell plaque
assay, as described by Bunning and others.17 Control animals
were inoculated with the same volume of a placebo (BA1
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medium). After inoculation, all fox squirrels were observed
daily for signs of illness. One-half of the fox squirrels (N � 9)
were bled, swabbed, and weighed each DPI (e.g., each animal
was handled every other day); urine and feces were collected
opportunistically.

Blood was placed in Microtainer™ tubes and kept on wet
ice until centrifuged (usually 1 hour after initial collection;
∼16,000g for 10 minutes). Swabs were placed in 1.25 mL of
BA1 medium and kept on wet ice until storage. All samples
were stored at −70°C in the laboratory.

All animals were killed on 12 DPI with one exception (one
squirrel was killed on 2 DPI because of hind limb paralysis),
and necropsies were performed immediately on death. The
following tissues were routinely collected at necropsy for his-
topathological examination: heart, liver, spleen, kidney, blad-
der, skeletal muscle, lung, pancreas, distal esophagus, stom-
ach, duodenum, jejunum, ileum, large intestine, cecum, testes
(no gonads were collected for females), lymph node (from
some individuals), cerebrum, midbrain, cerebellum, brain
stem, and spinal cord. Tissues were preserved with 10% buff-
ered formalin, embedded in paraffin, sectioned at 5 �m, and
stained with hematoxylin and eosin. In addition, a portion of
select organs (e.g., brain, liver, spleen, lung, heart, kidney,
bladder) and urine were frozen at −70°C in cryovials for re-
verse transcriptase-polymerase chain reaction (RT-PCR)
analyses. All animal carcasses were incinerated within the
BSL-3 facility.

Serology. Epitope-blocking ELISAs using a WNV mono-
clonal antibody (3.1112G, a WNV-specific antibody that de-
tects an NS1 epitope) were performed using established
methods.4 Because this assay has been shown to have excel-
lent sensitivity and specificity for WNV antibodies in fox
squirrel sera11 (J. J. Root and others, unpublished data) and
because of the nature of this study (e.g., an experimental
infection), plaque reduction neutralization tests were not per-
formed.

RT-PCR and plaque assays. RNA isolations were at-
tempted from serum, swabs, organs, urine, and feces using the
QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA). For
organs, only a subset of the squirrels were tested, which in-
cluded both test and control animals. The Taqman One-Step

RT-PCR system (Applied Biosystems, Foster City, CA) and
the method of Lanciotti and others18 were used to quantify
WNV RNA based on standard curves generated from viral
stocks of known titer. Because of the importance of accurate
viremia data to assess the reservoir potential of fox squirrels
and the tendency of our RT-PCR system to underestimate
viral quantities in samples (J. S. Hall, personal observation),
plaque assays were conducted on serum. For quantification of
virus in serum samples and virus inoculum administered to
the squirrels, Vero cell monolayers in 6-well plates were in-
oculated in duplicate with 0.1 mL of sample per well. After 1
hour of incubation at 37°C, the cells were overlaid with 3
mL/well of 0.5% agarose in MEM medium supplemented
with 1% bovine serum albumin, 250 mg/L sodium bicarbon-
ate, 29.2 mg/L L-glutamine, 1 mg/L fungizone, 100 units/mL
penicillin, 100 mg/L streptomycin, 50 �L gentamicin, and 2.5
�g amphotericin B/mL in 50 mmol/L Tris, pH 7.6. Two days
later, cells were overlaid with 3 mL of 0.5% agarose with
0.004% neutral red dye (Sigma Chemical Corp, St. Louis,
MO). Viral plaques were counted on the third and fourth days
of incubation. The limit of detection of the virus plaque assay
was 101.7 PFU/mL.

RESULTS

Morbidity and mortality. Seventeen fox squirrels survived
to day 12 of the experiment, whereas one was killed on 2 DPI
because of progressive hind limb paralysis first evident on 1
DPI. All other fox squirrels (N � 17) appeared clinically
normal up to 12 DPI.

Viremia profiles. Of the 14 experimentally infected fox
squirrels, 13 developed detectable viremia (Table 1). The
squirrel that failed to develop a viremic response to WNV
infection (squirrel 410) had pre-existing antibodies to WNV
reactive with an NS1 epitope, indicating that this squirrel also
had protective immunoglobulin. Viremia was first detected at
� 101.7 PFU/mL on day 2 DPI in all experimentally infected
squirrels sampled that day and was undetectable by plaque
assay by 6 DPI (i.e., � 101.7 PFU/mL; Table 1; Figure 1). Peak
viremia titers occurred from 2 to 4 DPI (Figure 1), with peak
viremias up to 104.98 PFU/mL of serum (Table 1). Of interest,

TABLE 1
Viral titers, oral shedding, and antibody status of WNV in experimentally infected fox squirrels (S. niger)

Squirrel

Viremia* Oral shedding† Antibodies

Peak titer Peak DPI Range DPI Peak titer Peak day Range DPI Day first detected

401 3.81 3 3–5 2.10 5 5 –
402 4.98 3 3 – – – 9
403 4.55 4 2–4 2.80 8 4–8 10
408 4.00 2 2–4 2.40 8 4–8 10
410‡ – – – – – – < 0
411§ 3.02 2 2 – – – –
412 4.88 3 3 2.80 5 3–9 9
413 3.76 4 2–4 1.50 8 6–8 10
414 4.20 3 3 2.10 5 3–7 9
415 4.13 3 3 1.30 7 7 9
417 4.29 4 2–4 2.10 6 6–10 10
418 3.69 4 2–4 2.30 6 4–8 8
419 4.08 2 2–4 3.20 10 4–10 8
420 3.97 3 3 1.70 5 5–7 9

* Viremia as determined by plaque assays (log10 PFU/mL).
† Oral shedding (PFU equivalent) as determined by RT-PCR.
‡ Animal had pre-existing antibodies to WNV.
§ Killed on 2 DPI.
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WNV RNA was still detectable in the serum of one fox squir-
rel on 12 DPI, albeit at a low level (101.3 PFU equivalent/mL
serum, data not shown).

Indirect transmission. No evidence of indirect transmission
was noted during this study (e.g., all control animals remained
seronegative and never developed detectable viremias), even
though they were housed in cages adjacent to unfiltered cages
containing experimentally infected fox squirrels.

Antibody detections. WNV antibodies were first detected
by 8 DPI in two individuals. By 12 DPI, an antibody response
was detected in all but one experimentally infected fox squir-
rel (12/13) without pre-existing antibodies. The individual in
question was only slightly less than the 30% inhibition thresh-
old for being considered positive.4 Occasionally, antibody-
positive individuals (N � 4) reverted to borderline antibody
negative status on subsequent days, failing to yield the inhi-
bition threshold mentioned above.

Oral swabs, urine, feces, and organs. WNV RNA was de-
tected in the oral swabs of some, but not all, experimentally
infected fox squirrels and was never detected before 3 DPI
(Table 1). When RNA was detected (e.g., 11/14 squirrels), it
was occasionally found at relatively high levels (e.g., 103.2

PFU equivalent/swab), even up to 10 DPI (Table 1). Few of
the opportunistically collected urine samples yielded RNA-
positive results. However, on 12 DPI, one urine sample
yielded 102.7 PFU equivalent/mL of urine. Several of the op-
portunistically collected fecal samples were RT-PCR positive.
Positive fecal samples were obtained between 4 and 10 DPI
and never were > 103.0 PFU equivalent/sample. Of interest,
one fecal sample was 102.6 PFU equivalent/fecal pellet on day

10 DPI. Overall, 50% (11/22) of opportunistically collected
fecal samples were WNV RNA positive. Of the organs tested
(i.e., brain, liver, spleen, lung, heart, and kidney), all yielded
evidence of WNV RNA in at least one tested (N � 4) ex-
perimentally infected fox squirrel on day 12 DPI. However,
the PFU/sample equivalents were extremely low (< 100.9 PFU
equivalent/0.15 g of organ in 140 �L BA1).

Gross pathology. No gross lesions were observed in 16 of
the 17 fox squirrels necropsied on 12 DPI, and all were in
good body condition. One squirrel (401) had diffuse cortical
pitting on both kidneys. The squirrel killed on 2 DPI was
moderately emaciated at necropsy, but all organs appeared
grossly normal.

Microscopic lesions. Of the tissues examined, lesions were
observed in heart, kidney, brain, and liver. One myocardial
lesion pattern was focal to regionally diffuse fibrosis, some-
times accompanied by vacuolation. This pattern was observed
in 4 of 14 of the infected squirrels and 0 of 4 controls. A
second myocardial lesion pattern was mild, focal mono-
nuclear leukocyte infiltration within the myocardium; this
pattern was observed in 2 of 14 infected squirrels and none of
the controls. A renal lesion pattern was observed in both
infected (3/14) and uninfected controls (1/4) and involved
mild to severe radially arranged cortical lymphocytic infiltra-
tion and fibrosis associated with nephron loss. In some cases,
these kidneys had an irregular cortex surface with indenta-
tions where areas of scarring radiated toward the medulla.
One infected squirrel had non-suppurative encephalitis af-
fecting the cerebral cortex and brainstem, characterized by
multifocal gliosis and lymphocytic perivascular cuffing. Liver

FIGURE 1. Mean daily viremia (± SE) and RT-PCR PFU equivalents (± SE) for oral swab samples. Control and a single fox squirrel with
pre-existing antibodies are not included in the figure.
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lesions involved mild to moderate periportal mononuclear
leukocyte accumulation and were observed in 4 of 14 infected
squirrels and 3 of 4 uninfected controls, although inflamma-
tory areas were generally more common in infected (5–10
observations per 5 × field) versus non-infected (1–4 observa-
tions per 5 × field) squirrels. Incidental lesions included a
renal venular thrombus associated with mononuclear leuko-
cyte accumulation in one of the infected squirrels, focal
mononuclear leukocyte myositis in one of the infected squir-
rels, and multifocal, granulomatous pneumonia in one of the
uninfected controls. One infected squirrel had evidence of
WNV antibodies in response to natural infection before ex-
perimental challenge with WNV; this animal had no micro-
scopic lesions. The squirrel killed on 2 DPI had moderate
multifocal myocardial scarring, whereas all other tissues were
histologically normal.

DISCUSSION

Tree squirrels are one of several free-ranging mammal spe-
cies in North America for which evidence of WNV exposure
has been published.8,11,19 However, multiple investigators
have obtained data from dead and moribund squirrels.15,16

Thus, the survival rates of experimentally infected fox squir-
rels (13/14) in this study are somewhat surprising. Only a
single fox squirrel yielded signs of illness during this study
(hind limb paralysis). The timing of the paralysis (1 DPI) and
the relative lack of microscopic lesions suggest that the clini-
cal signs observed were not caused by WNV infection. Our
observation of high survival with little or no obvious signs of
disease in fox squirrels is consistent with that reported for
eastern cottontail rabbits5 and dogs.13 In contrast, Tonry and
others20 indicated that experimentally infected golden ham-
sters began to show clinical signs of infection around 7 days
DPI, and by day 16, surviving animals began to appear normal
(e.g., active, curious, feeding well). Furthermore, some ex-
perimentally infected cats showed mild, non-neurologic signs
of disease,13 whereas 1 of 12 experimentally infected horses
showed severe clinical disease by 9 DPI.17

Similar to observations in naturally infected, clinically ill
tree squirrels, we observed very few gross lesions in experi-
mentally infected fox squirrels.15,16 However, we observed no
clinical signs in infected squirrels and few microscopic lesions
that could be definitively attributed to WNV infection. Natu-
rally infected, clinically ill tree squirrels in Illinois commonly
exhibited microscopic brain lesions (16/16) and lymphocytic
myocarditis (12/16), with mild hepatic necrosis a less common
finding (4/16).15 In another study of three naturally infected
fox squirrels in Michigan,16 the most consistent lesion pattern
was multifocal lymphoplasmacytic nephritis; one adult squir-
rel also had severe myocardial lesions and moderate non-
suppurative meningoencephalitis.

It is difficult to attribute most of the lesions observed in our
study to WNV infection because of the presence of these
patterns in uninfected control squirrels. Myocardial scarring
only occurred in infected fox squirrels, but one of these was
killed on 2 DPI because of unrelated reasons, which is incon-
sistent with WNV as the cause for this lesion pattern. None-
theless, mild mononuclear leukocyte myocarditis and non-
suppurative encephalitis are lesion patterns that, although
rare in infected squirrels in our study, may have been attrib-

utable to WNV infection. These lesions were mild and would
not be considered a cause for clinical disease. In general, fox
squirrels in this study were not adversely affected by WNV
infection, and based on our observations, all would have been
expected to survive infection. In addition, because all of the
squirrels in this study were wild-caught, their clinical histories
are unknown, and some or all of the lesions observed could
have been present before experimental WNV infection.

Komar and others21 considered birds that developed vire-
mias of 105.0 PFU/mL or greater WNV reservoir competent
for select mosquito species, whereas bird species that did not
develop this level of viremia were considered reservoir in-
competent. However, blood meals from lower levels of vire-
mic blood may be sufficient to infect some mosquito species,
although possibly at a lower infection rate.13 For example,
Tiawsirisup and others22 reported that some mosquito species
became infected after feeding on chickens with moderately
high viremia levels (104.5 CID50/mL). Thus, the WNV viremia
levels reported herein for fox squirrels may be sufficient to
infect certain mosquito species, suggesting that they may be
reservoir competent in certain situations.

Results from a recent WNV experimental infection study
indicated that one mammalian species, the golden hamster,
can develop persistent shedding of WNV in urine for up to 8
months.6 If this were the case in fox squirrels, a possible al-
ternative mechanism of the WNV transmission in this species
could be the passage of virus-laden urine from squirrel-to-
squirrel. Obviously, this would require close contact. Further-
more, in a natural setting, WNV may be shed only during
certain times (e.g., stress-induced). For example, J. J. Root
and others (unpublished data) failed to detect WNV RNA in
the urine of a small number of wild-caught seropositive fox
squirrels; however, 9 of 19 urine samples collected opportu-
nistically in this study were positive for WNV RNA, although
typically at low titer equivalents (102.7 PFU equivalent/mL
maximum). Thus, if fox squirrels were to persistently or in-
termittently shed WNV in urine, newly infected individuals
could become viremic during various times of the year, pos-
sibly contributing to atypical WNV cycles.

Unlike dogs, cats,13 and horses,17 some fox squirrels appar-
ently shed WNV orally for reasonably long periods of time,
albeit at relatively low levels. For example, one experimen-
tally infected fox squirrel shed 102.8 and 102.5 PFU/swab
equivalent titers on 5 and 7 DPI, respectively. Considering
that fox squirrels are highly peridomestic and often forage at
bird feeders, WNV shed orally could be of epidemiologic
importance, because experimental studies have indicated that
transmission of WNV among birds may be possible through
WNV-laden oral discharges.23 Interestingly, fox squirrels are
thought to be somewhat communal in their use of nests and
possibly of winter food stores.24 Thus, WNV-laden oral se-
cretions could pose a potential means of transmission among
fox squirrels, dependent on the time of year they were asso-
ciated with each other (e.g., potential of aggressive encoun-
ters during the breeding season).

This study suggests fox squirrels could be of epidemiologic
importance for WNV transmission cycles. First, peak viremias
of this peridomestic mammal may be sufficient to infect select
mosquito species. Second, unlike most other mammals tested
to date, they likely shed WNV orally and in other secretions
such as feces. Third, fox squirrels and other tree squirrels are
well documented to be exposed to WNV at exceptionally high
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levels, likely a facet of their behavioral ecology.11 Fourth, the
establishment of urban landscapes with a diversity of trees has
allowed this species to prosper in many urban areas.14 Thus,
their potential importance in the epidemiology of WNV in
urban and suburban settings should not be discounted.
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